Introduction
In a variety of experimental systems, the spontaneously hypertensive rat (SHR)' has been shown to exhibit abnormalities in calcium metabolism (1) (2) (3) (4) (5) . Intestinal calcium transport has been studied in the SHR by several investigators using a variety of methods and found to be either increased (6, 7) , unchanged (8) , or decreased (7, 9) compared with its normotensive control, the Wistar-Kyoto rat (WKY). However, the considerable diversity in diets administered, as well as differences in age and sex of animals investigated, has made effective comparison ofthe stud- 1 . Abbreviations used in this paper: BMC/W, bone mineral content/ femur width; PD, potential difference; SHR, spontaneous hypertensive rat(s); WKY, Wistar Kyoto rat(s). ies difficult. The important questions as to the integrity of the vitamin D endocrine system and the possibility of intestinal resistance to the action of 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) have been raised by several investigators (6) (7) (8) (9) , but a consensus has yet to emerge.
We have recently reported our use of the modified Ussing chamber to obtain a precise measure of 1,25(OH)2D3-dependent active calcium transport in the SHR (10) . Both mucosa-to-serosa flux (Jm-s) and net flux (J.,) were significantly reduced in the duodenum-proximal jejunum of the 12-14-wk-old SHR as compared with the WKY.
In the present study, we have confirmed this finding and extended it by investigating calcium transport under conditions of normal and reduced dietary calcium intake in animals at two different stages of development. Moreover, we have determined serum 1,25(OH)2D3 concentrations in SHR and WKY subject to normal and reduced dietary calcium to evaluate the regulation of the vitamin D axis and to address the question of intestinal response to circulating 1,25(OH)2D3. Finally, bone densitometry and determinations of bone calcium content were carried out as indices ofthe overall calcium status ofthis experimental model of hypertension.
Methods
Animals. For the transport and vitamin D studies, male SHR and WKY were obtained at the age of 6 wk from IFFA CREDO (Centre de Recherche et d'Elevage des Oncins, L'Arbresle, France). Up to the time of receipt at the age of 6 wk, the animals received diets containing 2.0 IU/ g vitamin D3, 0.66% phosphorus, and 0.75% calcium (% dry weight). In all experiments described, the animals were maintained in well-lit rooms (12 h: 12 h light/dark cycle) and allowed free access to food and water up to the time they were killed (transport studies) or underwent sampling (vitamin D3 metabolite determinations). SHR and WKY rats used for bone densitometry and bone calcium content determinations were obtained from Charles River Breeding Laboratories, Inc., (Boston, MA).
Vitamin D3 metabolite determinations. Eight SHR and eight WKY rats were raised from the age of6 wk on a diet containing 0.45% sodium, 0.46% phosphorus, and 1.0% calcium (% dry weight); 20% dietary protein as casein; vitamin D2, 2.2 IU/g food until the age of 12-14 wk. A further eight SHR and eight WKY were simultaneously raised on a low calcium diet (0.1 % calcium) otherwise identical to that taken by the first group. 3-5 ml of blood was obtained via the subclavian vein from each animal between 9 a.m. and 11 a.m. on two separate occasions, I wk apart. Sera were extracted and stored at -70°C for subsequent 25-hydroxyvitamin D3 (25(OH)D3) and 1,25(OH)2D3 determinations.
Serum samples (I ml) were extracted according to the dual cartridge method of Kao and Heser (11 26 .0 pg/ml±4.0, CV = 15.6%, n = 5; at 58.5 pg/ml±7.1, CV = 12.8%, n = 4. Between-assay variations: 25(OH)D3 assay: at 7.4 ng/ ml±0.6, CV = 8.3%, n = 7; at 24.5 ng/ml+2.2, CV = 9.2%, n = 9. 1,25(OH)2D3 assay: at 29.1 pg/ml±3.9, CV = 13.5%, n = 9; at 77.8 pg/ml±6.3, CV = 8.1%, n = 10.
Ussing chamber experiments. Intestinal transmural calcium fluxes were determined using the modified Ussing apparatus (12) . Duodenal segments 10 cm in length, immediately distal to the pylorus, were dissected. The segments were then excised, opened along the mesenteric border and mounted unstripped in the modified Ussing chambers. Tissue apertures were 0.5 cm2. Tissues from SHR and WKY were studied in random order, the sequence of which was unknown to the operator.
The glucose 11 mmol/liter). Each hemichamber compartment contained 10 ml ofelectrolyte solution and was aerated with 95% 02/5% CO2 throughout the experiment. The solutions bathing the mucosal and serosal sides were connected via agar bridges to calomel electrodes for the direct measurement of the potential difference (PD) and to Ag-AgCl electrodes for the passage ofdirect current through the tissue, using an automatic voltage clamp (dual-voltage clamp: 616C-3 Bioengineering, The University of Iowa). The short-circuit current (Isc) was recorded in the absence of PD after appropriate corrections for the resistance of the fluid between the two PD-sensing bridges. Conductance (G) was calculated from I,c and PD. Mucosa-to-serosa (Jm,s) and serosa-to-mucosa (Jsm) fluxes were paired employing the 30% conductance-matching criterion of Walling and Kimberg (13) .
After the steady state had been reached (60 min), 30 ACi of 45Ca2+ was added to either the serosal or the mucosal side ofthe paired chambers. 1 -ml samples were taken from the "cold" side at 20-min intervals for 1 h. Each aliquot removed was replaced with the same solution without 45Ca2+. Each aliquot removed was counted in 5 Fluxes in 12-14-wk-old animals on normal dietary calcium. Nine SHR and nine WKY were raised from the age of 6 wk to the age of 12-14 wk on 1.0% calcium diets identical to those taken by the animals in which vitamin D3 determinations were carried out. Unidirectional fluxes were determined in the Ussing chamber apparatus as described above.
Fluxes in 12-14-wk-old animals on reduced dietary calcium. Six SHR and six WKY were raised from the age of 6 wk to the age of 12-14 wk on 0.1% calcium diets identical to those taken by the animals in which vitamin D3 determinations were carried out. Unidirectional fluxes were determined in the Ussing chamber apparatus as described above.
Fluxes in 20-24-wk animals on normal and reduced dietary calcium. Five SHR and four WKY rats were raised to the age of 20-24 wk on diets identical to that described above (1% calcium). They were then sacrificed and calcium fluxes measured by the Ussing chamber technique. Seven WKY and seven SHR were raised to the same age on diets identical in all respects apart from their 0.1% calcium content. Their intestinal calcium fluxes were then measured as described above.
Administration of 1,25(OH)2D3 to SHR. Four SHR were raised to the age of 12-14 wk on normal dietary calcium (1%) identical to that described above. 115 ng of (275 pmol) 1,25(OH)2D3 was administered intraperitoneally in 50 gl of propylene glycol ( 15) daily for 4 d prior to sacrifice. Unidirectional calcium fluxes were then determined as described above.
Bone mineral analysis in vivo. 14 SHR and 13 WKY were raised on a 1.0% calcium diet, identical to that taken by the animals in the vitamin D and Ussing chamber studies (Teklad, Madison, WI). At the age of 23 wk, bone mineral content was measured by the method reported by Sanchez et al. (16) , utilizing direct photon absorptiometry (model 278c; Norland Instruments, Fort Atkinson, WI). Each measurement represents the mean of five scans of the left femur of each animal and is expressed as bone mineral content/femur width (BMC/W) in grams per cm2.
Bone mineral analysis in vitro. Five SHR and seven WKY were raised on 1.0% calcium diets, identical to that taken by the animals in the vitamin D and Ussing chamber studies, to the age of 31 wk. After sacrifice, the left femur was excised, soft tissue was removed, and the bone was dried and ashed. Total calcium content (milligrams per gram ofdry weight) was determined by atomic absorption (Varian Instruments, Sunnyvale, CA).
Statistics. All between-group comparisons were made utilizing the Mann-Whitney U test apart from the in vivo BMC/W comparisons for which the two-tailed t test for nonpaired observations was employed.
Results are expressed throughout as mean±standard error of the mean.
Results
Circulating levels of vitamin D3 metabolites. Serum levels of 1,25(OH)2D3 were significantly lower in SHR than in WKY controls at the age of 12-14 wk on a normal (1%) calcium diet, P < 0.005. A low calcium regime (0.1%) administered to animals 12-14 wk of age was associated with -80% increased serum 1,25(OH)2D3 values in both SHR and WKY, resulting in significantly lower values in the SHR compared with the corresponding WKY, P < 0.001. In both the normal and the low calcium groups, the mean circulating level of 1,25(OH)2D3 in the SHR was -60% of that observed in the WKY (Fig. 1) . For both SHR and WKY, the difference between 1,25(OH)2D3 levels on the normal and low calcium regimes, was highly significant (P < 0.002). In contrast to circulating 1 Furthermore, in both the normal and the low calcium groups, the mean Jm, in the SHR was also -60% of that observed in the WKY (Fig. 2) .
Comparing the responses to low dietary calcium at the age of [20] [21] [22] [23] [24] ing WKY, P < 0.005 (Fig. 3) . Administration of 1,25(OH)2D3 to the 12-14-wk-old SHR raised on 1% calcium was associated with a mean duodenal Jm-s of 100.1±20.1 nmol/cm2 * h, significantly higher than in corresponding untreated SHR, P < 0.01 (Table I) and indicating an intestinal response to exogenous 1 ,25(OH)2D3.
Short circuit current (ISC) recorded after a 60-min equilibration, was significantly lower in SHR of 12-14 wk ofage on 0.1% calcium and in the 20-24-wk-old SHR on 1% and 0.1% calcium than in the corresponding WKY. Lower dietary calcium led to significant reductions in ISC in both WKY and SHR of 20-24 wk of age. The difference between SHR and WKY in animals on 1% dietary calcium did not reach statistical significance. Although at present a matter for speculation, the lower IC in the SHR could reflect differences in intestinal transport of sodium, which could be related to the differences in circulating 1,25(OH)2D3 (17) or possibly to differences in intracellular calcium concentration (18) .
Bone densitometry and calcium content. Both in vivo and in vitro parameters of bone calcium status were significantly reduced in the SHR compared with WKY. Bone density, expressed as the ratio of mineral content to width ofthe rat femur, measured in vivo in animals of 23 wk of age, was 0.231±0.004 g/cm2 in the SHR compared with 0.244±0.004 g/cm2 in the WKY, P < 0.001 (Fig. 4) . Bone calcium content, determined after sacrifice at 31 wk of age, was 220.9±2.1 mg calcium/g dry bone in the SHR compared with 269.7±5.2 mg calcium/g dry bone in the WKYj P < 0.002 (Fig. 4) .
Body weights ofanimals used in studies. There was no consistent pattern in the differences between the mean weights of SHR and WKY in the groups studied and differences observed between weights of SHR and WKY were not significantly different (Table II) .
Discussion
The present report documents the finding of reduced circulating Jm. was significantly lower in the SHR than in the WKY on 1% calcium, P < 0.02, and on 0.1% calcium, P < 0.002. For corresponding J,,m and Jn, see (6) , who found no response on administration of a similar quantity (100 ng) of 1,25(OH)2D3 to the SHR, found increased, not decreased, transport in the untreated SHR. It is not clear, however, why our results differ from those of Schedl et al. (9) , who inferred intestinal resistance in the SHR from their findings of diminished calcium transport and normal levels of 1,25(OH)2D3 in the 12-wk-old SHR. Calcium and phosphorus intakes exert profound influences on serum levels of 1,25(OH)2D3 in the ypung rat (20, 21) , and although the calcium content of the diet used by Schedl et al. (9) was identical to that used in our study (1%), there was a considerable difference between the phosphorus contents of the two regimes: 0.46% in our study, compared with 0.74% in that of (8) , who gave a regimen that provided 0.4% calcium and 0.9% phosphate, found a nearly 30% reduction in 1,25(OH)2D3 levels in 10-wk-old SHR compared with WKY of the same age. This difference was not, however, statistically significant (8) . In the latter report, details ofthe quantity ofvitamin D administered were not given.
In the present study, no significant difference was observed between the level of 25(OH)D3, the precursor of 1,25(OH)2D3, in any of the four groups of animals and the absolute levels ('.30 ng/ml) were similar to those reported by Schedl et al. (9) (24, 25) . The observation that the response ofthe 20-24-wk-old SHR Jm.s to low dietary calcium was significantly impaired compared to that of the WKY (Fig. 3) is best explained by the hypothesis that the calcium-deprived 20-24-wk-old SHR is also unable to sustain appropriate levels of 1,25(OH)2D3. Normal rats are able to respond to calcium deprivation by increasing their 1 ,25(OH)2D3 levels at least until the age of 25 mo (21) and the calcium-deprived 20-24-wk-old WKY in this study significantly increased Jm.s, a process known to be 1,25(OH)2D3 dependent (26, 27) . The finding of similar Jm.s in the 20-24-wk-old SHR and WKY on normal dietary calcium, significantly below that found in the 12-14-wk-old WKY on 1% calcium, can be explained on the basis of the fact that by the age of 21-22 wk, in the normal rat on normal dietary calcium, almost all duodenal calcium transport occurs by a nonsaturable 1,25(OH)2D3-independent route (28) . In regard to the decrease in active duodenal calcium transport with age in the normal rat, our observations are in accord with those of other investigators (26, 28 (30) . Reduced 1,25(OH)2D3 production could result from a primary perturbation in intracellular calcium handling (31) which resulted in, for example, raised intramitochondrial free calcium levels (32) and inhibition of 25(OH)D3-la-hydroxylase (33, 34 Greater understanding of the mechanisms involved may have far-reaching implications for the study of the calcium endocrine system, for the understanding of the pathogenesis of increased arterial blood pressure and for elucidation of the increasingly recognized connections between these areas of investigation (43, 44) .
